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SUMMARY

Vi bration investigati ons were made of two bl ade cascedes in
wind tunnels end of blades operated in t he N&CA 24=-inch supersonic
conpressor. The results showed that the blade vibrations were pres-
ent at all tunnel and conpressor air velocities snd were influenced
primerily by tummel design, slmulated centrifugel loeding, surging,
engle of attack, amnd possible critical Mach numbers.

The hi ghest stress anplitude observed in the twmel tests was
+39,6800 pounds per sgueare inch, single emplitude, at a Mach mmber
of 0.81. The maximm recorded stress in the operating compressor ws
*23,250 pounds per sguere i nch, single anplitude, at a Mach mmber
of 0 714; in the supersoni c range, the maximum recor ded stress was
:i=f14 ,500 pounds per square inch, single anplitude, at a Mach nunber
of 1.41.

INTRODUCTION

An axiel-flow compressor that utilizes supersonic shockwaves
to convert velocity into pressure is very prom sing ssrodynemicelly
because it produces a high pressure rise per stege while meintaining
hi gh mass flow and good over-all efficiency (reference 1). Mech=-
anically, however, the supersonic compressor produces meny probl ens
because of the high peripheral speeds and the extreme susceptibllity
t 0 vibration resulting from its relatively thin bl ades.

For the NACA 24-inch super soni C compressor, the originally
proposed bl ades were 3 inches long, omly 0.048 inch thick, eand had

approxi nately 23-inch chords. The use of a shroud to restrain the

vi bration emplitude of the thin bl ades wae plemmed, but the attachment
of the shroud presented a vexry difficult probl em Preliminery inves-
tigations of shrouds, both wel ded end riveted, were mede at the
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NACA Lengley | aboratory. Mechanical difficulties resulted even

t hought hese units were tested i n Freon-12, a commercial refrig-
erant, Whi ch reduced the centrifugal stress to one-fourth the stress
produced in air at equival ent Mach nunmbers. The npst desirable solu-
tion structurally, though inpractical in terms of production, appeared
to be the construction of the disk, the shroud, and the blades from
one piece. The inherently |ow damping properties ofthis type of con-
struction, however, further increased the vibration problem

Vi bration investigations Were therefore undertaken at the NACA
O evel and laboratory of blade cascades in w nd tunnels and of blades
operated in the NACA supersoni ¢ campressor t 0 determine the ef fect
O Dblade thickness, centrifugel force, damping, engle of atteck, and
surging. The date are %r esented in the form of curves and photographs.
Aerodynamic dete from t he twumnel tests snd compressor perfoimence data
are Not included herein but are available in references 2 and 3.

VI BRATI ON INVESTIGATION OF BLADE CASCADES

Inasmuch as the problemof vibration seemed probable in the
proposed deeign, an i nvestigation of blade cascadss in 8 supersonic
wimd tunnel was considered as 8 nmeans of predicting the vibration charac~
teristice of the blades in the compressoxr. Therefore, while the NACA
24-inch supersoni ¢ compressor was being fabricated at the lehoratory,
such en investigation wes nade.

Apperatus

Two supersonic blade cascades of one-pi ece construction were
used in t he investigation. One, a three-~blade cascade was made pri-
marily for developing the machining technique to be used on the final
rotor, and the second, a five-bl ade cascade, was nade to investigate
vibration end serodynemic characteristics of the design blade. The
bl ades of the three-blede cascade (four passages) had radial el enents
with twist al ong the spen of the bl ades. The five-bl ade cascade hed
four passages With the outer blades instrumented with static-pressure
tubes to obtain aerodynamic data. The profile of the bl ade was
gimilar to that of the hub section of the blade to be used in the
actual conpressor (fig. I). The blades were machined with parallel
el ements and without twi st to produce rectangular air passages. The
origin8l design blades for both cascades (fig. 1) had a uniform
thi ckness of 0.024 inch with a wedge section having 8 height of
0.024 inch, the maximum thickness totaling 0.048 Inch.

>



NACA RM No. ESD30 3

Two supersonic wind tummels were used in the investigation, one
beceuse 1t was reedily aveilsble end t he other, whi ch was used later,
was desi gned specifically for the five-blade cascade. The first
tunnel was.of a closed-throat type in which the three-bl ade cascade
was nounted. The second tunnel was an open-jet type (fig. 2) with
t he tunnel discharge area coinciding with the passage area between
t he outer two bl ades of the five-bl ade cascede. TWo nozzl es Were pro-
vided for the open-jet tunnel; one nozzle was designed to produce &
Mach mmber of 1.35, t he design Mach mumber of t he bl ade-root section,
and the ot her nozzl e was designed t o0 produce & Mach nunber of 1.62,

t he degign Mech mumber of the blade-tip secti on. This tunnel was
designed and built in the Applied Coampressor Resesxrch Section of the
Cl evel and | aboratory.

A speciel | oadi ng, frems was fsbricated, whi ch supported the
five-blaede cescade i N t he open~jet tummel snd also tensioned the
bl ades by mesns of 16 bolts to simulate t he centrifugal force imposed
on the bl ades during ccmpressox operati on.

A l2-chennel emplifiexr end recording oscillogreph Were used to
obtain permanent records of the signals from the strain gages mownted
on the blades. The amplitude-stress rel ati on ofthe signals was
checkedby using t wo calibretion meemns: (1) a signel of known voltege,
end (2) e signal from e similar gege mounted on & canbtilever bar t hat
wes osclllated through known deflection. The stress at the gage loca-
tion on the cantil ever was determined by direct celculation and by
interpolation from strain meessurements mede W t h special egquipment
for this purpose.

Procedure

The first vibration tests were made with the three-~blade cascade
in a closed-throat tuonel. These tests indicated that the blades were
very susceptible to vibration through 8 considerabl e range of elr veloc-
1ties. The tunnel was designed far s Mach number of 1.8, but the
choki ng caused by the presence of the cascade limited the operation
to 8 Mach mmber slightly above wmity. Moreover, the mass of netal
supporting the tip and base of the bl ades could set up bow-end-shock
waves, which may have i nfluenced the vibrations. In view of these
limtations, the deta were questi onabl e, but other preliminery exper=
iments t 0 determine such factors as location of the best strain-gege
position and sand patterns O vibration modes proved velueble in
directing furt her experimentation.

The five-bl ade cascade was instrumented with strai n gages on
t he three center bl ades end meesurements were teken Whil e the cascade
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waa Subjected to the fullest air-velocity range of which the open-
jet tunnel was capable. Simultaneous Signals were recorded from
the three instrumented bl ades and anal yzed to determne vibratory
stress and possible phase rel ati on between vibrations of adjacent
blades. Al vibration signals were corrected for the frequency
response of the recording equi pment

The first part of the investigation of the blades was nade
with the thickness of the uniformsection increased to three tines
the original design thickness, which, including the wedge, gave a
maxi num t hi ckness of 0.096 inch. Additional runs were made after
the uniform section had been progressively machined to give maxi-
mum thickneasses of 0.072 inch, 0.060 inch, and 0.048 inch. Before
each run, the blades were uniformy tensioned by meansof the
16 bolts in the loading frame. The tension stress was measured by
expendabl e gages located on the md span at the leading and trailing
edges andat the md-chord position of the three center blades to
gi ve the desired uniform bl ade stress. The 0,086-inch-thick bl ades
were stressed to 45,000 pounds per square inch, the limt inposed
by the bolt strength. The blades of the other thicknesses were
| oaded to 60,000 pounds per square inch, the average centrifuga
bl ade stress at rated conpressor speed

Vibration surveys were conducted on the blades in both the
t ensi oned and untensioned conditions using both nozzles in each con-
dition. Highest vibratory stresses were observed at a Mach nunber
of approximtely 0.8; consequently, tests on the 0.048-inch-thick
bl ades were conducted once nmore with a tension of 23,000 pounds per
square inch, corresponding to the centrifugal stress at the speed
that woul d produce air speeds of a Mach number of 0.8. Al Mach
nunbers reported are of the air velocity at the entrance to the
bl ade cascade.

"The danping of the one-piece construction enployed is inherently
veryl ow but was greatly.increased by the supporting and | oadi ng of
the cascade. It was therefore necessary to evaluate this added vari-
ahle, The increased danping effect was determ ned bY the anal ysis
of vibration die-away curves nmade of the cascade while suspended by
thin wires, while in the loading frame, and while mounted in the | oading
frame in the tumnel.

In order to verify the necessity of the shroud, the tips of the
bl ades of the five-blade cascade were cut free fromthe shroud and
again nmounted within the open-jet tunnel and subjected to 8 range
of air velocities.
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Di scussion and Results

The data presented are results of the five-blade cascade tests
end must be regarded es having limited accuracy because of the nature
of the blede vibrations and the wncontrollaeble factors af fecting these
vibrations. For exemple, the anplitude of vibrestion iS very ilrregular
as 1llustrated by a representative signel shown in figure 3. The maxi-
mm anplitude on the record is the one used for further anelysis end,
during t he period of exposing the film, usually 1/2 second,peak vibre-
tions mey not have been present. In order to obtain 8 grester degree
O accuracy, considersble £ilm would have to be exposed for each oper=-
eting condition. Furthermore, the |ocation of the gage proved to be
extremely criticsl and it was impractical to reuse t he same gage for
gll runs. The data seemed t0 consist of scattered groups of points;
however, by aversging several points for each condition, very definite
trends Wre indicated.

The gelvenometer elements Of the recording oscillogreph respond
differently to daifferent frequenci es, ard t herefore 8 correction
factor was applied to the observed stress to eliminate the effect
of the difference between bl ade frequency and calibretor frequency.

A second correction factor involving total deamping was epplied to

the final data. An enslysis O the vibration dle-away curve showsd
that by supporting the blade cascade in the loading frems t he demping
increased and thereby reduced the vibrati on emplitude. The proposed
one-plece compressor construction, it i s believed, has demping prop-
erties closely resembling those (f t he ome=-plece bl ade casceds sus-
pended i ndependent|y of the loeding frame.

. The eerodynemic demping inherent in the system could not be
eveluated. This type of damping may hel p to decrease vibration
emplitude In the compressor Or it may increese emplitude by becoming
negative, 8S in the case (f clessic flutber. If t he aerodyneamic
danping present in the bunnel tests is nearly equal to that which

will occur in t he compressor in service, t he vi brati on characteristics
determined in the tumnel should give8 good indication Of those present
in the campressor.

The highest vibratory stress measured in the tumnel Wth the five-
bl ade cascede was a single anplitude stress of #39,600 pounds per square
inch. This peak stress was observed at a total thickness of 0.060inch
with the bl ade wnbtensioned, Wth t he high=velocity nozzl e, and at 8
Mach muber of 0.8. Wth ell date points averaged (fig. 4) for both
t he tensioned and untensioned conditlons regerdless of Mach number,

t he stress increased with reduction in blade thickness and t herefore
the hi ghest measured stress (39,600 1bs/sq in.) should have occurred
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i N the 0.048~inch-thick, not the 0,080-inch~thick blede. The expl a-
nation for the epparent discrepency i S present in figure 5 on the
records for the 0.,048-inch-thick blade. A higher-mode vibration was
being excited only in the untensioned 0.048~inch-thick bl ed8 along
W th the fundemental node, whi ch predominated i n the other thick-
nesses end loading conditions. The higher mode absorbed pert of the
energy exclting the fundementeal mode and t hus reduced the anplitude
of the blade vibration.

The effect of the two nozzles on the vibratory stress 1s- shown
infigure 4. The nozzle designed for a Mach nunber of 1.62 produced
anplitudes end stresses approximtely twi ce as |arge 8sthose pro-
duced by the nozzle with a Mach number of 1.35. Fl ow conditions in
the actual compressor may be much better than those in the twnnel,
because the inlet section is designed for the air velocities expected
and fl ow will be subsonic until it reaches the bl ades. Because noz-
zlecheracteristics have such 8decided effect on bleds vibrations,
it cen be doduced that the vibrations in the compressor bl ades m ght
be lower than in the cascedes.

Bl ade tension has the greatest effect on the blade vibration
asis shown by figure 6. Itjcan be seen that in the untensioned
blade Of 0.096-inch thickmess, practically no stress anplitude was
observed; this fact is probably explained by the difference i n danpi ng
due to the mass ratio of the blade and the remainder of the system
Al'so, the blade stiffness was increased because of its thickness,
which affects the transfer of vibration energy. Wen the blade was
tensi oned, the added danping was renoved amd a hi gher stress resulted
The danpin? correction factors were based only on results of the
thi nnest bl ade and consequently did not include correction for mass
ratio andrigidity effects.

Al'l runs, regardl ess of blade thickneas, bl ade tension, ornozzl e,
showed simlar vibration response to the Mach mumiber range. Represent-
ative curves of stress plotted agai nst Mach number ere shown in
figure 7. The gege on blade 3 was better loceted With respect to
meximum Vi bratory strese then those on blades 1 and 2and the gif=

_Ference in stress is not necesgsarily an indication that this bl ade
vibrated with hi gher emplitude. |n same of the first runs, bl ade 1
showed higher stress than was simultansously indicated far the other
two blades. The results of the nore favorable location of the strain
gage (on blade 3) is also shown in figure 8. This figure was plotted
fromdata obtained With a static-strain measuring bridge, the Strain
present having been produced by nechanical ly deflecting the blade in
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the center of the span at the |eading edge. From this curve, the
vibration anplitude present can be estinmated for any observed stress
in the 0.04% nch-thick blade.

The mode Of Vi bration belng excited i s a slightlydi storted
first torsionel mode, as i S indicated by the sand patbtern (fig. 9).
The mumericelfrequency of the illustrated mode of vibration is |ess
than the frequency of the first bending node. The blade is therefore
verticulexly susceptible to flutter because the lowest natural fre-
quency is generslly the easiest to excite, and flutter generelly
Involves torsional vibrations. The leeding and trailing edges in
the center of the spen possess the highest amplitude and the hi ghest
stresses are located near the blade root and tip at the leading sné
trailing edgesz. This fact i S substantiated by the results of the
experiments on gage | ocation. Unfortunately, the strain gage has
finite Size, though small, and therefore cannot be | ocated at the
point of meximum stress, vhich i S probably at the edge of the bl ade.
Furthermore, t he gage averages the stress over the smell area.

The possibility that contraction and expension of the passage
between adj acent bl ades m ght be the cause of the apperent vibraetion
Was investigated. The possibility was eliminabed because sinultaneous
slznals from adj acent bl ades were not 1809 out of phase as woul d be
required to produce this result. On the contrery, t here sppeared to
be no relation between the phases or the smplitudes of vibration of
adj acent bl ades.

The effects of blade tension and bl ade thickness on freguency
ere shown in figures 10 and 11, respectively. The increase ofthe
first torsionel node frequency caused by spplying tension | S some=
whet greater than Was expected.

The significance of all the resulte obtained in the tunnel runs
1e best 1llustreted in figure 12. The val ues for the maximm allowsble
single-amplitude vibratory stress were calculated from the nodified
Goodmen disgrem corresponding t 0 the rotor material hardmess of a
Brinell har dness mumber of 363 in reference 4. The ebscissa, rather
then being merked off In mean working stresses, which In the case
of the compressor are centrifugal end bending stresses, is graduated
in Mach nurmbers, t hUS enabling immediate correlstion with tummel data.
None of the observed peak stresses exceedsd the maximm esllowsble limits,
Ther ef or e compressor bl ades of the proFosed design should be able to
attain full operating speeds without blade failure caused by vibratory
stresses, provided thatno stress-concentration factors are introduced
during fabrication or operation. Al peak stresses observed for
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0.072~inch and 0.096-inch thi ckness were | ess than 20, 000 pounds per
square inch and consequently do not appear on figure 12,

During the tunmnel i nvestigation of the unshrouded blades, t he
strain gages qui ckly failed. Visual inspection of the blades showed
the leading edges to be vibrating with tip smplitudes of approxi mately
1/2 inch. “Observation of the notion under stroboscopic |ight showed
the blade to be fluttering violently in the first torsional canti-
| ever node ofvibration. Wen the nodel was renmoved fromthe tunnel
after a short period of such operation, one of the blades was cracked
over 30 percent of the chord length from both the |eading and the
trailing edges (fig. 13). In figure 13(a}, the progression of the
crack through the strain gage indicetes proper |ocation of the gege
t 0 measure meximm Vi bratory stresses.

VIBRATION SURVEY OF COMPRESSOR

In view of the resul ts from the tunnel rums, t he compressor
rotor was completed as originally proposed except that the blades
were mede 0,060 i nch | nstead of 0.048 Inch thick. The eaerodynemic
tests conducted in the tunnel s simulteneously W th vibration surveys
i ndicated satisfactory operation with the thicker bl ades. Al so,

vi bration conditions were improved and bl ade stresses caused by the
centrifugal shroud load were reduced by use of the thicker blade.
Extreme caution was exercised in finishing the rotor to renove all
nicke end scratches that might cause failure by introducing stress
concentration.

Appar at us and Procedure

The compressor (reference3) was instrumented with strain gages
to warn agai nst sustained operation at 8 condition of excessive stress
not duplicated in the free-jet tunnel. Two active gages, attached
at the |eading edge and near the base of diametrically opposite bl ades,
were used to measure Vibratory stresses. Bal ance gages formingt he
i nactive bridge arms of the el ectric measuringcircuitwerenount ed
under the overhanging rimof the disk, as shown in figure 14. An
18-ring, slip-ring assembly was used t o0 tranefer the strain signal
fromthe rotor to the recordingequipment. Two rings per conductor
were utilized to mnimze elip-ring interference.

The rot or was investigated in a 9000-horsepower verieble-component
compressor setup. Ihe inlet and the di scharge of the compressor were
comnected to | aboratory facilities that permitted t hor ough inveetigetion
of all operating variables such as air temperature, mass fl ow, air
density, and inlet and discharge pressures.



P o

NACA RM No. E8D30 9

The vibration survey wes conducted by comtimmally observing
the vibration traces on oscilloscopes end by recarding the stresses
indicated at test points by means of a recording oscillogreph. At.
each t est polnt, t he records were anaelyzed t 0 determine t he stress
empllitude, frequency of vibratlon, and the r ot or speed of the ocom=
pressor. Ihe tensile stress in the blade, due t 0 centrifugel force,
ves measured by utllizing an active strein gage emd a bridge circuit
sensitive only to the steady-state stress i N order t 0 verify t he cal~
culated hi gh stress and possible stress concentration at the blade
root.

The Mach mmbers reported are of the aeir Flow relative to the
bl ades at the rotor entrance.

Di scussi on end Results

The results of wind-turmel investigation on cascades were veri-
fied Dy t hose obtained with t he compressor rotor. The compressor
Investigation showed that the bl ades are subjected to flutter vibra-
tions throughout the conpl ete speed range of the unite No critical
speeds were noted, mainly because the compressor was Instelled with-
out inlet gulide venes or diffuser venes. When these venes are Incor-
porgted Inbto the unilt, they may introduce pressure varlsbtlons and
end turbul ence causing strong vibrationel excitation. The deta indi-
cate that the vibrati on emplitude was influenced principally p
increasing the angle of attack in either positive or negative Xirec-
tions (fig. 15). The opereating veriebles previously mentioned had
no deci ded effect on the vibration, although a susteined vibration

was noted at a Mach nmwmber of about 0.7, which may be close to the

critical Mach number for the alrfoil design. The formation of sheck
waves within the bl ade passage produced no noticeable effect on the
vibration anplitude. Wien a condition of surge was produced in the
conpressor, the blades fluttered violently in a pul sating memmer.

A typical record of this vibration is shown in figure 16. The bl ades
vi brated in the fundementel torsiomal node, the frequency of which
Increased Wi th rotor speed, as shown in figure 17. Because the bl ade
frequencles are nearly equal t hroughout the rotor, a beat freguency
can occur end a typicel exemple of this beat frequency I s shown In
figure 18. Figure 18(a) shows a record of the blade vibration-e
the conpressor was in operation. Figure 18(b) shows a vibration as
a resultof air passing through the stationsry rotor. At this con-
dition Severe vibrations have been observed and, in view oft he data,
can be abttributed to the blades being siltuated at high angles of
attack.
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The streas anplitude was calculated fromthe naxi numsignal hei ght
on the record. The maxi numeingle amplitude Stress recorded was
#23,250 pounds per sgquare i nch at 8 rotor speed of 7770 rpm, 8 Mach
nunber of 0.714, and an effective angle of attack of 13° 367 How-
ever, the vibratory stresses encountered at hi gher speeds are of more
si gni ficance because of the higher superimposed tensile stresses. A
single anplitude stress of x14,500pounds per square inch was recorded
at 15,600 rpm et surge, al t hough at the same speed bel ow eurge, stresses
of 3000t0 4000 pounds per square i nch were encountered. A plot of
the measured tensile stress due to centrifugal force is presented in
figure 19 together with the cal cul ated stress. The @ifference between
the neasured and the cal cul ated streass is due prinmarily to the stress
concentration at the gage | ocation and slight strain of the inactive
gages as well 8s a temperature gradi ent between the rotor rimand the
blade root. Nevertheleas, it can be seen that the stress is high and
that the superinposed vibratory etrese 1s limted.

SUMMARY OF RESULTS

Fran a vibration investigation of a supersonic blade cescade in
e supersanic open-jetw ndtmel eand of blades operated in a campressor,
the following resulte were obteined:

_ 1. Cascede test data showed good correlation with those f bledes
i nthe campressor.

2. Peak vibratory stresses of +39,600 pounds per esquare inch,
singl e emplitude, at a Mach nunber of 0.81 and £23,250 pounds per
squaxre inch, single emplitude, at a Mach mmber of 0.714 were observed
in t he wind tunnel and t he compressor, respectively.

3.1 ncreasing bl ade thiclmess or tensloming reduced Vi bratory
gtress.

4. At e Mech number of l.4l, the maximm recorded stress was
+14,500 pounds per square Inch, single anplitude.

5. H gh effective angl es of attack, negative or positive, induced
vibrations at all campressor speeds.

6. Severe vibration of the bledssoccurred when air was passed
t hrough the stationary compressor.

Flight Propulsion Research Lsboretory, _
Nationel Advi sory Committee for Aeronautics,
C evel and, Ohio.
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(a) leading edge.
Figure 13. - Failure of unshrouded blede in cascade.
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(b) Trailing edge.

Figure 13. - Concluded. Fallure of unshrouded

blede in cescede.
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Mgure 1l4. - Strain gages mounted on supersonic compressor.
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Figure 17. - Effect of centrifugal force on
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Figure 18. - Oscillogreph records Of blade vi bration showing possible ef fect of beat
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